A quantitative study of leaf anatomy of 20 species of some non-succulent perennial desert plants belonging to 12 families of the Dicotyledoneae is provided. The species were collected from natural desert habitats belonging to three phytogeographical regions of Egypt. Features representing xeromorphy include small leaf or leaflet area (18 species), pubescent surfaces (16 species), amphistomaticy, iso-bilateral leaf construction and multilayered palisade of two to four layers (18 species). Particular attention is given to quantify the palisade properties as well as the hydraulic conductance (Kh) of the xylem tissue supplying the transpiring areas. The ratio of the palisade cell surface area/the leaf or leaflet area (Apal/A) ranges from 22·6 in Astragalus spinosus to 49·6 in Zilla spinosa. Moreover, Apal/A is highly correlated with the palisade thickness (r = 0·541, N = 100, p = 0·0001) and with the thickness of lamina. The predicted Kh of the xylem is calculated from the conduit lumen diameters using the Hagen-Poiseuille relation. Eighteen species show low predicted Kh values ranging from 0·6 to 300·5 ϫ 10 -13 m 4 MPa -1 s -1 . The highest values of predicted Kh occur in Gomphocarpus sinaicus and Chrozophora obliqua, which have the highest leaf areas. Predicted Kh correlates very well with leaf or leaflet area supplied by the petiole or petiolule (r = 0·685, N = 100, p = 0·0001). The efficiency of xylem conductance is further identified by calculations of the leaf specific conductance (LSC = Kh/ distal leaf or leaflet area) and the predicted maximum pressure gradients (MPa m -1 ). The measured anatomical parameters and their correlations are discussed in terms of the ecophysiological adjustments of the desert plants to their habitat.
Introduction
Heat and drought are the commonest characteristics of deserts, but the two are not always combined and deserts may, in fact, be either hot or cold, according to their latitude and altitude. In all, however, there is, for one reason or another, a deficiency of available moisture, and this is usually due to the lack of rain (Good, 1953; Fahn & Cutler, 1992) .
The Sahara is a hot desert straddling the Tropic of Cancer and occupying nearly 10 million km 2 of Africa north of the Equator, roughly 20% of the world's total arid and semi-arid land surface (Larmuth, 1984) . This area, within which the mean annual precipitation is 100 mm or less and the mean annual temperature exceeds 30°C, is one of the hottest regions of the world (Cloudsley- Thompson, 1984) . The Sahara is traversed by only one river, the Nile, which crosses the entire length of Egypt on its northward course to the Mediterranean sea. The vast desert areas represent more than 97% of the total area of Egypt (Zahran & Willis, 1992) .
In Egypt, as in the majority of arid lands, the survival of desert plants depends on their capacity to maintain a favourable balance between water uptake and water loss under conditions of severe climatic and atmospheric drought (Kassas & Batanouny, 1984) . The structural and physiological characteristics typical of plants of arid regions are not exclusive to desert species (Evenari, 1985) . Through natural selection and evolution, characters constitutionally present in the various taxonomic groups are amplified, intensified and combined in various ways yielding adaptation(s) to a particular habitat. This is manifested by the existence of particular adaptive features common or shared between desert plants and other species commonly found in physiologically or physically dry habitats, e.g. areas of high salinity, steppes of the semidesert, grasslands, sclerophyllous scrub, coniferous forest, and alpine and arctic tundra (Oppenheimer, 1960; Fahn, 1964; Pyykko, 1966; Bocher, 1979; Abd El Rahman et al., 1980; Ibrahim & Fahmy, 1985; Hegazy, 1987; Korner et al., 1989; and others) . Moreover, the above-mentioned studies involve species growing in different soil types, i.e. saline, serpentine, mineral poor, gypsum, calcareous, etc. (Shields, 1951; Small, 1973) . The existence of similar morpho-anatomical and sometimes physiological features among the plant groups of different types of vegetation inhabiting dry habitats leads one to predict that a degree of adaptive convergence between such diverse species is likely.
At least three photosynthetic carbon assimilation types (Laetsch, 1974) occur in all green plants, i.e. C 3 , C 4 and CAM (Crassulacean Acid Metabolism). When taken together, it is apparent that C 4 and CAM plants have a higher water-use efficiency (ratio of net assimilation to water loss) in respect to photosynthesis (Jones, 1992) . In the Egyptian desert, the percentage of C 3 grasses decreases with decreasing latitude (Batanouny et al., 1988) . The summer annual and other perennial grasses are mainly C 4 species. The CAM pathway is linked to succulence, though not all succulents are CAM plants, and this is in turn linked, at least to a certain degree, to high environmental salinity (Evenari, 1985) .
Clearly, the non-succulent perennial dicots constitute the permanent framework of vegetation in the Sahara Desert (Kassas & Batanouny, 1984) . Although a high proportion of these species lack the C 4 and CAM pathways and even lack a non-CAM succulence (Ziegler et al., 1981; Kassas & Batanouny, 1984) , it is apparent that the ability of such species to withstand the adverse conditions of the desert environment is clearly attributed to particular traits.
Previous studies indicate that the long vertically extended roots of desert perennials are sufficient to supply the shoots with their water requirements. This explains the existence of such species in a green state during summer without showing wilting (Migahid, 1962) . The sandy depressions in the gravel desert along the Cairo-Suez road permanently contain 2·5% water at a depth of only 75 cm (wilting point, 0·8%), so that they never dry out and are capable of supporting a sparse perennial vegetation (cf. Walter, 1979, p. 105) . This reflects the importance of xeromorphic characters of the perennial species, particularly those of the non-succulents, in minimising water loss during the hot, dry rainless season.
The present study has been undertaken to examine how the structure and organisation of the leaf or leaflet tissues of some non-succulent perennials affect various ecophysiological processes. This will shed light on the role of xeromorphic features of such species in enabling them to exist and survive under arid desert conditions.
Material and methods

Investigated species and their sites
Specimens from 20 species belonging to 12 families of Dicotyledonae (Table 1) were collected from the natural desert vegetation in Egypt. Identification and nomenclature of the species followed Täckholm (1974) and Boulos (1995) . The species are nonsucculent perrenial chamaephytes which grow in different areas belonging to the following phytogeographical regions of Egypt: (1) southern Sinai (S) in an area extending from latitude 28° to 28° 25' N and longitude 33° 55' to 34° 25' E; (2) eastern desert in northern Sinai known as the Galalah Desert (Dg) in an area extending from the desert of Cairo near Helwan eastwards to that of Suez (latitude 29° 45' to 30° N and longitude 31° 20' to 32° 20' E) ; and (3) western desert (Dl) near Faiyium (latitude 29° 15' N, longitude 30° 55' E).
Sampling
Ten mature, fully exposed sun leaves were collected from five different individuals (two leaves from each individual plant) of each species growing in its specific region during the drought period (April-September) or at its end. Stalks of the laminae (the petioles of simple leaves or the petiolules or leaflets) or the bases of sessile laminae and small segments of laminae were fixed in FAA (O'Brien & McCully, 1981) .
Preparation
For light microscopy five leaves or leaflets were randomly obtained from the fixed plant material previously sampled. The fixed parts of leaves or leaflets were dehydrated following standard methods, embedded in Paraplast, sectioned in transverse and paradermal (longitudinal) directions at 10-15 µm and stained with 0·05% Toluidine Blue O in distilled water (Sakai, 1973) . Microtome or freehand transverse sections were made in that part of the petiole or petiolule or in the base of transpiring part (in the case of sessile leaves) proximal to the leaf or leaflet.
For SEM, samples from the FAA solution were dehydrated in a graded ethanol series, critical point dried and coated with 200 Å of gold-paladium in a Hummer I Sputter Coater and viewed with an E.T.E.C. Autoscan scanning electron microscope at 10 kV.
Measurements
The area of leaf or leaflet (one side only) was obtained by weighing their tracings on high quality paper, and comparing them with a paper of known area and weight. Optical micrometers (linear and square) were used to measure the densities (number per mm 2 ) of stomata and trichomes and the length of guard cells in epidermal strips of leaves or leaflets. The number of palisade cells per unit area was obtained from paradermal sections of leaves or leaflets at the adaxial (upper) and abaxial (lower) sides. The ratio of palisade cell area/leaf or leaflet area ( = Apal/A) was determined from paradermal sections (obtained for light microscopy and for SEM) taken from Fagonia arabica L. Dg Wadi Al-Gafra both sides (adaxial and abaxial) of the leaf or leaflet from which the number of palisade cells per unit area was determined. Transverse sections 100 µm thick were then used to construct a three-dimensional model from which lengths and diameters of palisade cells were determined . Cell surface area of palisade (Apal) was calculated assuming that the cells are cylindrical. The thickness of epidermis, palisade and spongy tissues was measured from transections. The types of trichomes (glandular or non-glandular) and the surface features of cuticle were obtained from light microscope examinations and SEM photomicrographs.
The predicted hydraulic conductance of the xylem of the petiole, petiolule or basal part of the sessile leaf nearest to the transpiring area was determined according to Gibson et al. (1984) . The following equation was employed:
where di is the diameter of the i th vessel element (m) and η is the solution viscosity (MPa s). The vessel elements were counted and their diameters were measured with a linear optical micrometer. The species studied differ in leaf or leaflet area supplied by the vessel elements. In order to adjust hydraulic conductivities of such structures according to the leaf area supplied, the leaf specific conductivity (LSC) was determined according to Tyree et al. (1983) as follows:
Clearly, as the LSC decreases, the pressure drop (dp/dx) required for transporting water through the axis of the transpiring area increases and consequently the steeper the water potential gradient will be (Zimmermann, 1978) . In order to predict the pressure gradient in the leaf or leaflet axes of the studied desert species, the LSC must be combined with the maximum transpiration rates (E max) as in the following equation: dp/dx (MPa m -1 ) = E max (10 -7 m s -1 )
Statistical analysis
Unless otherwise stated, data are means of five replicates obtained from measurements performed on five leaves sampled from five individual plants of each species. Means, differences among several means of the 20 species or between the means of each character on the adaxial and abaxial sides of leaf or leaflet were analysed by analysis of variance (Snedecor & Cochran, 1962) . Least significant difference (LSD) was applied to verify the significance of the difference between the means at 0·05 level of probability. Linear correlations were calculated between various parameters.
Results
Investigated species and their sites
The majority of the species studied (14 out of 20) are restricted to the silt terraces and to channels and runnels of the main wadis of the eastern (Dg) and western deserts (Dl) which receive alluvial material of fine soil particles of diameters less than 0·7 mm (Kassas & Imam, 1954) . Such habitats constitute substrate suitable for moisture storage in deep soil layers which provide the roots of perennials with a continuous water supply (Migahid, 1962) . Species collected from southern Sinai (S) are members of the perennial vegetation which inhabits the short wadis (Wadi Al-Raha and Wadi Al-Arbaeen). In such habitats, the species are confined to the wadi bed crevices of smooth-faced outcrops, e.g. Gomphocarpus sinaicus, Astragalus spinosus and Teucrium pilosum. Likewise, the limestone country of Dg harbours some species (Achillea fragrantissima and Cleome droserifolia) which grow in the wadis covered by pebbly coarse textured soil with rock detritus of various sizes. From the map of the distribution of different bioclimatic provinces in Egypt, southern Sinai (S), the Galalah (Dg) and the western deserts (Dl) belong to the hyperarid climatic provinces with a mild rainy winter and a hot summer (UNESCO, 1979) . Data extracted from Ayyad & Ghabbour (1985) showed that rainfall in such regions is characterised by scantiness and irregularity. The rainy season extends from December to April. Annual rainfall is less than 30 mm in El-Tor (S) and is 23·6 and 10·8 mm in Wadi Hagoul (Dg) and Faiyium desert (Dl), respectively (average of 35 years at least; data from Anon (1979) ). Mean minimum temperature of the coldest month ranges from 5·9°C in Faiyium to 9°C in El-Tor region. The maximum temperature of the hottest month ranges from 34·8 to 36·8°C in El-Tor and in Faiyium Desert, respectively.
Morphology and surface area of simple leaf or leaflet
Seventeen of the 20 species investigated have simple leaves (Table 2 ) with prominent short petioles. Seriphidium herba-alba, Artemisia judaica and Launea spinosa have deeply divided leaf laminae (pinnatisect) while the leaves of Salvia deserti are pinnatifid with bullate crenate lobes. Compound leaves occur in Acacia, Astragalus and Fagonia. In Acacia, the leaf is bipinnate, while in Astragalus the leaf is imparipinnate. The leaf of Fagonia is trifoliate. The highest leaf areas are those of Gomphocarpus (680·7 mm 2 ± 172; mean ± standard deviation, N = 5) and Chrozophora (218 mm 2 ± 29·5). The most prominent character of the majority of the studied species is the small leaflet or leaflet size (Table 2) which ranges from 2·2 mm 2 ± 0·2 in Crotalaria to 98·8 mm 2 ± 19·3 in Lycium. Folding of leaflets is a character observed in Astragalus ( Table  2) .
The epidermal tissue system
Examination of the outer cuticular surface of the epidermis by SEM indicates that the majority of the pubescent leaves have a smooth or slightly rough appearance. A ridged outer cuticular surface is observed in Gomphocarpus, Cleome and Salvia (Table 2 ).
All the species studied have an adaxial and an abaxial uniseriate epidermis. In 10 of the 20 species, the thickness of the adaxial epidermis is significantly greater than the abaxial one (Table 3) . Species which have thick laminae (Gomphocarpus, Launea and Ochradenus) are characterised by a thick epidermis. On the other hand, the thin leaflets of Acacia have a significantly thicker epidermis than the other species.
Epidermal trichomes of non-glandular, glandular or mixed types occur in 16 of the 20 species examined (Tables 2 and 3 ). Trichomes are entirely absent in the cases of small leaflets of Acacia, and in the thick leaves of Launea, Zilla and Ochradenus. The trichomes may be very dense and interlocked as in Artemisia judaica (Table 3) or may occur in low density as in Moltkiopsis, Cleome and Lycium. In all the species with pubescent leaves, the trichome density on the adaxial side is significantly higher than that on the abaxial side (Table 3 ). The outer surface of the non-glandular trichomes and the multicellular uniseriate stalks of the glandular ones may show particular sculpturing. Micropapillate surface sculpturing is observed in the two armed trichomes of Farsetia, as well as on the surface of the multicellular uniseriate glandular trichomes of Gomphocarpus and Salvia. A smooth surface is observed on the glandular trichomes of Teucrium, Cleome and in Convolvulus and Astragalus which have long simple unbranched trichomes. In mature, fully expanded sun leaves of the species investigated, it is found that the protoplasm of the non-glandular trichomes was not detected and the lumen of the hair cell(s) contains some irregular inclusions. Thus, the non-glandular trichomes covering the leaf surface of Moltkiopsis, Farsetia, etc., appear dead and air-filled. Conversely, the glandular trichomes covering the mature leaves of Seriphidium herba-alba, Artemisia judaica, Cleome, Salvia, etc. may have vital intact cells with rich protoplasm or may appear old with shrunken, collapsed and broken-down walls.
All the species investigated in the present study possess stomata on both surfaces of the leaf or leaflet (amphistomatous leaves). The highest densities of stomata occur in Zilla and Crotalaria (Table 4) . In seven species, the density of stomata is significantly higher on the abaxial surface than on the adaxial (Table 4 ). The rest of the species showed either non-significant differences between the two surfaces (as in Moltkiopsis, Zilla and Ochradenus) or high stomatal density on the adaxial surface (in seven species). In the latter seven species the ratio of adaxial to abaxial stomatal density equals more than unity. In 11 species, the guard cell length on the adaxial surface is significantly higher than that on the abaxial (Table 4) .
Thickness of leaf or leaflet and their mesophyll properties
The thickness of leaf or leaflet ranges from 149 µm for Salvia to 888 µm for Ochradenus which has the thickest lamina (Table 2 ). It is apparent that the thickness is largely due to the presence of palisade tissue which consists of cells arranged on each side, forming a unifacial or isobilateral leaf or leaflet. The number of layers beneath each epidermis is equal in the majority of species, ranging from one or two layers to four layers in Zilla, Ochradenus and Lycium which have thick laminae. In paradermal section, the substomatal chambers are cavities bounded by mesophyll cells.
In Salvia, the outermost palisade layers facing the adaxial and abaxial epidermis consist of cells which often taper towards the epidermis, resulting in a small contact area. Except for Lycium leaf, the adaxial and abaxial palisade layers enclose a uni-or multi-layered spongy tissue of rounded (in cross-section) compact cells with small intercellular spaces. The ratio of thickness of palisade layer/spongy layer ranges from 0·7 for the thick leaf of Ochradenus to 6·5 for Salvia (Fig. 1 ) which has the thinnest lamina.
In the leaves of 11 species, there are no statistically significant differences between the thickness of adaxial and abaxial palisade (Fig. 1) . The rest of the species showed significantly greater thickness of palisade adaxially than abaxially. The total palisade thickness follows a similar trend to that of the lamina thickness, being high in the thick leaves (Table 2, Fig. 1 ).
For 18 species the ratio of Apal/A adaxially is significantly higher than abaxially (Fig.  2) . Total Apal/A of both adaxial and abaxial palisade regions ranges from the lowest values in the thin leaflets of Astragalus (Apal/A = 22·6) to the highest values in the cases of Launea (46·7), Zilla (49·6) and Ochradenus (43·8, LSD = 11·8) leaves which have thick blades (Table 2, Fig. 2 ). It is worth indicating that Cleome has a low total palisade thickness of 148·2 µm (Fig. 1) and an Apal/A of 46·7 (Fig. 2) , while Launea has an Apal/A of 46·7 and a significantly higher palisade thickness (528·4 µm). Ratio of the surface area of the adaxial (E) and abaxial (G) palisade cells per area of one side of the leaf or leaflet (Apal/A) of the desert species studied. The total Apal/A (of both the adaxial and abaxial sides) is represented by the overall height of the two bars in each species. The significance of differences (at p < 0·05) between the means of Apal/A on the adaxial sides and the differences of Apal/A on the abaxial sides of the species studied is represented by LSD. * and NS represent significant and non-significant differences (at p = 0·05), respectively, between Apal/A on the adaxial and abaxial sides of each species. Species number refers to Table 1. found in the leaflets of Acacia, Astragalus and Fagonia and in the leaves of Achillea (Tables 2 and 5 ). Although the number of vessel elements in the petioles of Chrozophora and Salvia is nearly equal, the Kh of the former is about 11 times higher than that of the latter (Table 5) , LSD = 1·32). In other words, the wide difference of Kh between the two species is nearly cancelled in the cases of their LSC (Table 5 ). This is attributed to their leaf area which is 10·3 times higher in Chrozophora than in Salvia (Table 2 ). Such explanation is also valid for Gomphocarpus which shows a low LSC (3·29 m 2 MPa -1 s -1 ϫ 10 -7 ) despite the high value of its Kh and the high number of vessel elements in its petiole.
Correlations
On both leaf surfaces significant correlations existed between the majority of anatomical variables (Table 6 ). On the adaxial surface, the percentage of significant correlations is lower (64%) than that on the abaxial one (73%). On both surfaces, the increase in stomatal density is paralleled by an increase in trichome density. However, the correlation coefficient is relatively low but still significant (r = 0·259, N = 85, p < 0·02) for the abaxial surface. Negative correlations exist between stomatal density and guard cell length. Correlation of such variables is higher on the adaxial surface (r = -0·440, N = 90) than on the abaxial one (r = -0·298, N = 85). Trichome density on the adaxial surface correlates negatively with the thickness of epidermis (r = -0·283, N = 95, p < 0·01).
The relationship between palisade layer thickness and the measured variables shown in Table 6 (from D to H) is more significant from the abaxial surface than on the adaxial one. However, when the significant relationships are compared on both sides, the values of the correlation coefficients on the abaxial surfaces are relatively low. On the other hand, the characteristic most highly correlated with the palisade thickness is Apal/A on the adaxial surface (r = 0·487, N = 95, p < 0·001). Guard cell length appears to be the variable most highly correlated with the thickness of abaxial palisade (r = 0·414, N = 95, p < 0·001) and with Apal/A on the adaxial side (r = 0·337, p < 0·01).
Apal/A is most highly correlated with total palisade thickness (r = 0·541, N = 100, p < 0·0001) and with the thickness of lamina (r = 525, Fig. 3 ). Measurements of leaf thickness and/or total palisade thickness are therefore an easy means of estimating Apal/A. The correlation coefficient between the laminal area and its thickness is relatively low (r = 0·223) but still significant (N = 100, p < 0·05, Table 6 ).
The leaf or leaflet thickness is more highly correlated with the total thickness of adaxial and abaxial epidermises (r = 0·602, N = 20, p < 0·01) than with the thickness of either of them singly.
The predicted Kh correlates very well with the leaf or leaflet area supplied by the petioles or petiolules (Fig. 4(a, b) ). When considering the 20 species, a significant correlation coefficient is obtained (r = 0·685, N = 100, p < 0·0001) but the points plotted for 18 species cluster and overlap each other at the lower left corner of Fig.  4(a) . At the upper right corner, the high values of the variables of Gomphocarpus and Chrozophora show greater departures than those of the rest of the species. Because of this, a correlation analysis was done for 18 species excluding Gomphocarpus and Chrozophora. Still, the predicted Kh is correlated with the area supplied (r = 0·749, N = 90, p < 0·001, Fig. 4(b) ). The second characteristic correlated with the predicted Kh is the total trichome density (mm ) dp/dx ).
NS =not significant at the 0·05 level of probability each of the variables of Apal/A as well as mean stomatal density (Table 5 ). In addition, the number of vessel elements supplying the leaf or leaflet correlate with the predicted Kh (r = 0·489, N = 19, p < 0·05) and with LSC (r = 0·428, N = 20, p < 0·05).
Discussion
Morphology and surface area of leaf or leaflet
Both desert and Mediterranean plants have mostly small leaves (Pyykko, 1966) . This feature is prominent in the majority of the desert species investigated in this study. Such a pattern offers better water economy in that it has been found to be correlated with a reduction in the rate of transpiration (Abd El Rahman & Batanouny, 1965; Batanouny, 1974) .
Dissected or lobed laminae represented in Seriphidium herba-alba and Artemisia judaica (dissected laminae) and in Launaea spinosa and Salvia deserti (lobed laminae) are to the advantage of the plant since such leaf forms have less construction costs than simple entire laminae of the same mass (Givnish, 1988) . In addition, narrower or more dissected leaf laminae and the leaflets of a compound leaf (as in Acacia and Astragalus) Figure 3 . Correlation between total Apal/A and the thickness of leaf or leaflet of the desert species studied. Species number (see Table 1 ) is indicated below each data point. have thinner air boundary layers, maximizing heat convection and thus coupling leaf temperature closely to ambient air temperature (Lewis, 1972; Nobel, 1975) . Minimizing the area of the transpiring surface by folding of leaflets is a feature represented in Astragalus. Six species of the desert plants studied are characterised by spine formation, a feature which can reduce the transpiring surface. Shoots (Zilla, Convolvulus and Lycium), axes of the compound pinnate leaves (Astragalus) or stipules (Acacia and Fagonia) are metamorphosed into spines. The high leaf area of Gomphocarpus sinaicus possibly reflects its natural distribution in a less arid habitat than that of the other 19 species; it grows in the mountainous regions of southern Sinai where the conditions are wetter than in the desert (Zahran & Willis, 1992) .
Epidermal tissue system
Reduction of leaf absorptance over the entire solar band (400-3000 nm) by increasing surface reflectance through epidermal modifications is one of the main factors in the reduction of leaf temperature in plants from arid habitats (Ehleringer, 1981) . The smooth or slightly rough outer cuticular surface is a feature observed by SEM in the majority of the non-pubescent species of this study. This is suggested to play a role in reflecting less than 10% of the incident light (McClendon, 1984) . A combination of light reflectance and water and secretion repellency of the surface are assumed to be achieved by the presence of trichomes and cuticular ridges on the pubescent leaves, e.g. Gomphocarpus, Cleome and Salvia. Juniper & Jeffree (1983) indicate that the presence of ornamented cuticle results in an increased contact angle where the droplet (in the present case it may be water or a fluid excreted by glandular trichomes) is held away from the surface. It is suggested that the possible occurrence of the abovementioned phenomenon in desert species having glandular leaf surface may protect the stomatal pores from clogging by the excretion of the glands.
The majority of the desert species of this investigation (16 out of 20) have pubescent leaves. Largely based on previous ecological studies, it is apparent that leaf hairs are adaptive features of plants to arid conditions (Fahn & Culter, 1992) . A characteristic feature of the pubescent species of this study is the predominance of those having purely non-glandular trichomes or a mixture of glandular and non-glandular types. Reflectance of solar radiation in the range 700-3000 nm wave band (near infrared radiation) increases when the trichomes are non-glandular or air-filled (Ehleringer & Björkman, 1978) . This will directly reduce the heat load and consequently leaf temperature. The occurrence of a statistically significant higher trichome density on the adaxial leaf side than on the abaxial one increases the reflectance on the upper side which is more exposed to intensive solar radiation. On the lower side, the trichomes may act as a near infrared reflector (Larcher, 1983, p. 10 ). An exception is found in the leaflets of Astragalus where the trichome density in the upper side is significantly lower than on the lower side. This may be attributed to leaflet folding, where the upper side is less exposed.
The occurrence of cuticular covering on the outer surface of the epidermis, and the glandular and non-glandular trichomes of the desert species investigated is a characteristic feature (Volkens, 1887, pp. 45-46; Uphof, 1962) . This cuticular covering is considered as a mechanism to minimize transpirational water loss through the epidermis and trichomes.
The occurrence of thickened anticlinal walls in the basal cells of the non-glandular trichomes and in the stalk cells of the glandular ones is observed by Fahn (1986) in the trichomes of some xeromorphic leaves. He considered these thickenings to be similar to endodermal cells in preventing apoplastic water flow into the trichomes. In dead trichomes (as the non-glandular trichomes in the desert species studied) evaporation of water from their walls is thus avoided (Fahn & Cutler, 1992, pp. 62-63) . Light microscope observations indicate that in the leaves with thick indumentum, the hairs are dead and air-filled (Ehleringer, 1984) .
The presence of trichomes, even as a thick layer, have been considered as exerting little effect on the boundary layer resistance to water vapour loss (Gibson, 1983; Ehleringer, 1984) . Boundary layer resistance due to hairs is commonly quantified by dividing the thickness of the pubescent layer (expressed in m) by the diffusion coefficient of water vapour in the air (Nobel, 1991) . Let us examine the thickness of the indumentum on leaves of varying pubescence. We will consider the highly pubescent leaf of Moltkiopsis in which the trichome thickness reaches 200 µm ± 18 (N = 15) and the low pubescent leaf of Lycium in which the height of the pubescent layer is 33 µm ± 4·7 (N = 15) (data are not shown in this study). Assuming low wind velocity (0·1 m s -1 ) and that the characteristic leaf dimension in the direction of the wind is 0·004 m for Moltkiopsis and 0·006 m for Lycium, and using the diffusion coefficient of water vapour under desert conditions at 30°C (2·57 ϫ 10 -5 m 2 s -1 ), the resistance to water vapour diffusion caused by the hairs is 7·8 s m -1 for Moltkiopsis and only 0·9 s m -1 for Lycium. These calculated values represent almost 25·1 and 2·4% of the boundary layer resistance of Moltkiopsis and Lycium, respectively. In xerophytes with open stomata, the boundary layer resistances are smaller than their respective values for diffusion along stomatal pores which ranged from 250 to 1000 s m -1 (Nobel, 1991) . Previous studies on non-succulent desert perennials of North America indicate that the boundary layer resistance due to trichomes covering the stem of Salazaria mixicana Torr, and the leaf of Encelia farinosa Gray ranges from 4 s m -1 for a hair layer thickness of 110 µm in the former (Gibson, 1983) to c. 17 s m -1 for a hair layer thickness of 400 µm in the latter (Ehleringer, 1984) . Functionally, the effect of boundary layer resistance due to hair cover on transpiration will be very small (Ehleringer, 1984; Nobel, 1991) .
The thin leaves or leaflets of the desert species studied are characterised by relatively small palisade thickness and consequently low Apal/A. Under desert conditions, it is believed that a thin non-pubescent leaf will possibly be vulnerable to wilting. This implies the importance of dense cover of trichomes particularly on the thin leaves. On the contrary, it is suggested that the high palisade packing of the thick glabrous leaves protects them from rapid wilting during water stress. These interpretations are supported by the significant negative correlations between trichome density and both palisade thickness and Apal/A.
The existence of a significant negative correlation (r = -0·283, N = 95, p < 0·01) between trichome density on the adaxial side and thickness of the epidermis indicates that the epidermal cells may be considered as a buffer layer. They may partially contribute to the reflectance properties of pubescent leaves, or totally perform a dual function (reflection and absorption) in the case of the relatively thick glabrous leaves. This conclusion is further supported by the significant positive correlations (at p < 0·02) between thicknesses of the leaf and epidermis (adaxial, abaxial and both). In such glabrous leaves, the epidermis consists of thick uniseriate cells with high water content. At the near infrared radiation (1300-3000 nm), absorption by water increases (Carter, 1991) , leading to the thermal effect (Larcher, 1983) . Since the possibility of heat storage increases in thick fleshy organs (cf. Lewis & Nobel, 1977) , it would therefore be to the advantage of the relatively thick glabrous leaves of Launaea, Zilla and Ochradenus to increase the absorption of the near infrared radiation by their thick epidermal cells before the radiation transmits to the internal mesophyll of the leaf.
The feature of amphistomatic leaves observed in the species of the present investigation is characteristic of plants growing in strongly lighted habitats. In North American deserts, over 90% of the species have amphistomatic leaves (Mott et al., 1982) . The significant negative correlation between stomatal density and guard cell length of the investigated desert species is a characteristic feature (Willmer, 1983) . Sundberg (1986) found a similar relationship in non-succulent species in the deserts of North America. This relationship between stomatal density and guard cell length will result in low diffusive resistance ( = high stomatal conductance) and consequently higher rates of transpiration and photosynthesis (Stocker, 1976) . The significant positive relationship between Apal/A and the length of the guard cell indicates that the leaf is built for maximum photosynthetic efficiency; a suggestion that is supported by theoretical and physical considerations (Nobel & Walker, 1985) .
When the anatomical measurements of Zilla and Launaea of this study are combined with their transpiration measurements given by Abd El Rahman et al. (1966 Rahman et al. ( , 1976 for Launaea and for Zilla it is found that although Launaea has a high guard cell length (33·1 µm) it had a lower transpiration rate (280 mg g -1 h -1 ) than Zilla (400 mg g -1 h -1 ) owing to its low stomatal density (100 mm -2 ). Preliminary assessments indicate that the mean maximum width of elliptical pores of Zilla and Launaea is 6 µm. It is evident that the perimeter of the stomatal opening of Launaea would be higher than that of Zilla owing to the larger guard cell length of the former than the latter. According to Brown & Escombe (1900) and Sayer (1926) the rate of diffusion of water vapour through smaller pores is more than through larger ones and the rate of diffusion is more nearly proportional to the perimeter rather than its area. Thus under identical conditions the rate of water vapour diffusion through the stomatal pores of Launaea would be lower than that of Zilla owing to the large pore perimeter of the former in addition to the low stomatal density in Launaea. Moreover, when a number of small evaporating surfaces are close together, there is a mutual interference between them and the rate of evaporation from each area is reduced (Bange, 1953) , which is also known as the diffusion shell antagonism. On the abaxial surface, the stomatal spacing is 67·33 µm ± 5·5 (N = 18) in Zilla and 91·75 µm ± 10·1 (N = 20) in Launaea (unpublished data). Since the maximum diameter (width) of open stomata is only about 6 µm and whereas the interference of diffusion shells is effective if the pores are situated less than ten times away in relation to their diameter (Bange, 1953) , it is evident that the spacing values on the abaxial leaf surface is 11·2 in Zilla and 15·3 in Launaea. Accordingly, the mutual interference between the stomata is possible in Zilla and is most likely ineffective in Launaea.
Thickness of leaf or leaflet and their mesophyll properties
The similar arrangement of palisade cells on each side of the lamina is a common character found in plants growing in full sun, often high temperature habitats such as deserts (Böcher, 1979; Nobel & Walker, 1985) . Such leaves are known as unifacial or iso-bilateral. In the majority of the studied desert species, the palisade tissue is well developed and formed at the expense of the spongy tissue which has compact cells. A high ratio of palisade tissue thickness/spongy tissue thickness has been proposed as one of the characters increasing the photosynthetic efficiency of leaves (Shields, 1951) .
Compared to several literature sources, it is apparent that the range of leaf thickness of the desert plants studied, although wide, is consistent with other species inhabiting sunny habitats, and all of them showed higher leaf thickness than shade plants. Leaves from perennial high altitude mountain plants, including tropics (Körner et al., 1989) and those from the alpine cushion plants from Canada (Hegazy, 1987) show wide variation from 141 to 696 µm in the former and from 125 to 682 µm in the latter. Although leaves from the chapparal sclerophyllous xerophytes from North America (Krause & Kummerow, 1977) show narrower ranges of leaf thickness (290-530 µm) than the above-mentioned groups, they are consistent with those from some perennial non-succulent desert species (243-571 µm) from the eastern desert of Egypt which have a higher range of leaf thickness than the same species growing naturally under shaded habitats (291-416 µm) of desert wadi (Emad El-Deen, 1990) . In crop plants, such as sunflower, Dengler (1980) reported that the leaves which expand under low light intensities (25% daylight) have smaller leaf thickness (222·2 µm ± 8·5) than leaves expanding under full sunlight (354·9 µm ± 9·1). Numerous investigators have shown that 'sun' plants do produce thicker leaves than 'shade' plants (see review by Lewis, 1972) . This correlates with greater mesophyll thickness, mesophyll cells surface area, amphistomaty and stomatal density. Increases in maximum rates of photosynthesis has been correlated with increased leaf thickness and increased area of mesophyll cells (Nobel & Walker, 1985) .
The fairly equal correlations between total Apal/A and thickness of lamina or between total Apal/A and total palisade thickness suggest the usefulness of measuring either of these criteria as a convenient method of clarifying the photosynthetic efficiency of the desert species studied. Nobel et al. (1975) established a relationship between the mesophyll area/leaf area (Ames/A) and leaf thickness. The palisade parenchyma has a much higher amount of surface per unit volume than does the spongy mesophyll, from 1·6 to 3·5 times more (Turrell, 1936) . Palisade cells are usually separated from one another by small but numerous air spaces. This gives a very large total cell surface/intercellular space and increase the internal gas and water exchange surface of cells to intercellular space (Nobel & Walker, 1985) . The high Ames/A is probably one of the reasons why, besides the increase in photosynthetic activity, the rate of transpiration of xerophytes is high under conditions of favourable water supply (Fahn, 1982) . Previous studies (Turrell, 1936; Fahn, 1982) indicate that Ames/A is small in shade leaves (6·8 to 9·9) and large in mesomorphic leaves (11·6 to 19·2). Moreover, xerophytes tend to have a somewhat more highly developed palisade region than do mesophytes, which leads to values of 20 to 50 for Ames/A (Nobel, 1991) . The values of Apal/A for the desert species of the present investigation lie within the range of other xeromorphic 'sun' leaves previously reported.
In the cross-section of Salvia leaf, the tapering of mesophyll cells towards the epidermis results in a small contact area which, presumably, hampers the transport of water and other substances to the epidermal cells. A small contact area between the hypodermis and epidermis is considered a factor which reduces the loss of water to the epidermis from the internal cells of the assimilating stems of Anabasis articulata (Forssk.) Moq. and Calligonum crinitum Boiss. subsp. comosum (L' Hér.) Sosk. (Lyshede, 1977) .
Predicted hydraulic conductance (Kh) and leaf specific conductivity (LSC)
A low Kh limits water transport to the transpiring parts (Woodhouse & Nobel, 1982) which may be advantageous for desert species. This pattern is consistent with 18 species of this investigation. Since high Kh is an indication of less arid conditions, it is suggested that both Gomphocarpus and Chrozophora which show the highest predicted Kh live under wetter conditions than the other 18 desert species. This conclusion is valid in the case of Gomphocarpus which has restricted geographical and ecological range in mountainous regions of southern Sinai where the environment is less arid (Zahran & Willis, 1992) than in the other desert areas from which the studied desert species were collected. However, such explanation is not valid for Chrozophora which has a wide geographical range in the deserts of Egypt. Owing to its predicted high Kh, it is assumed that Chrozophora has high transpiration rates, which may be severe enough to cause drying up of the leaves. This assumption agrees with Zahran & Willis (1992) who indicated that Chrozophora obliqua flowers in summer and undergoes drying up of the branches at the end of the flowering phase in winter. In the petioles of six species, the Kh values are lower than Gomphocarpus and Chrozophora and range from 83·6 to 300·5 m 4 MPa -1 s -1 ϫ 10 -13 for A. judaica, Launaea, Heliotropium, Zilla, Cleome and Salvia. The Kh values in the above-mentioned range are similar to those reported by Gibson et al. (1984) ) and are consistent with the few vessels in the axes of their small laminae. The low predicted Kh values of the above-mentioned five species are much lower than the range found by Woodhouse & Nobel (1982) ) from southern California deserts. Moreover, the petioles of the remaining seven species (Achillea, Seriphidium herba-alba, Moltkiopsis, Farsetia, Ochradenus, Convolvulus and Lycium) have predicted Kh values similar to the stipes of the desert fern species reported previously. These Kh values are two to three orders of magnitude less than for dicotyledons and six orders less than for conifers (Hellkvist et al., 1974) .
The existence of a significant positive correlation between the number of vessel elements of the leaf or leaflet axis and the predicted Kh (r = 0·489, N = 19, p < 0·05; Table 6 ) is in agreement with similar measurements in the minor branches of some dicotyledons reported in previous studies (Tyree, 1989) . The correlation of predicted Kh with transpiring area (r = 0·685, N = 100, p < 0·0001; Fig. 4(a, b) ) agrees with other studies on woody angiosperms (Waring et al., 1977) and fern species (Gibson et al., 1985; Veres, 1990) .
The LSC is a usual measure of the hydraulic efficiency of the stem to supply water to leaves distal to it (Tyree & Ewers, 1991) . The stem with the larger LSC is able to supply water more efficiently to leaves than a stem with smaller LSC (Zimmermann, 1978) . Although, the values of LSC for 16 species of the present investigation are for leaf or leaflet axes, they are low (0·16-3·66 m 2 MPa -1 s -1 ϫ 10 -7
) and lie within the range of measurements on the raches, stems and stipes supplying the pinnae of some mesic and greenhouse ferns, as well as the petioles and minor stem axes of some trees. ; Gibson et al., 1984) and to the greenhouse Blechnum ferns (Veres, 1990) Thompson et al., 1983) . The highest LSC values (in m 2 MPa -1 s -1 ϫ 10 -7 ) which occur in Zilla (14·24), Farsetia (6·68), Salvia (14·24) and Chrozophora (15·64) are similar to the LSC values in the stem segments of some shrubs Schweinf.) . The similarities between the high LSC values in the leaf petioles of the four desert species above-mentioned and those in the stem segments of lianas (which have wide vessels and high transpiration rates) is unusual because the petioles of the desert species investigated are much smaller than the stem segments of lianas. This may be attributed to the occurrence of a high amount of xylem conduits supplying the small leaves of the desert species, i.e. the lamina may be overvascularised as in Salvia which has very small area (21·1 ϫ 10 -6 m 2 ), relatively many xylem conduits (167) in the petiole and a high LSC (14·24 m 2 MPa -1 s -1 ϫ 10 -7 ). In conclusion, it is apparent that the combination of water retaining features in the leaves of the majority of the desert species investigated, together with the relatively low Kh and LSC of their petioles or petiolules (low Kh and LSC occur in 16 and 18 species, respectively, out of the 20 species studied), may be some of the adaptive features of the species to living under desert conditions where climatic and edaphic aridity are prevailing. Gartner et al. (1990) found that the vines and trees of the dry sites have lower conductivities than plants of the same growth form living in wetter seasons or wetter sites.
A mean value of E max of 1 ϫ 10 -7 m s -1 is based on the maximum rates of desert plants measured by Evenari & Richter (1938) . The values of predicted dp/dx are shown in Table 5 . They range from 0·06 MPa m -1 in Chrozophora to 6·25 MPa m -1 in Teucrium. Zimmermann (1978) reported a theoretical dp/dx of about 0·02 MPa m -1 in the trunks of many dicotyledonous trees, but much greater values occur in lateral and minor branches. Values less than 1 MPa m -1 (calculated in 13 species of the present investigation) are of a magnitude reported to be significant in inducing stomatal closure in dicot trees and lianas (Ewers et al., 1989 . Stomatal closure may protect the shoots from excessive embolism which results in the dysfunction of xylem conduits (Sperry & Tyree, 1988) . In some crop plants, the lowest embolism-inducing pressures were c. 0·2 MPa for tomato, 0·5 MPa for castor bean (cf. Jones, 1992, p. 94) and below c. 1·0 MPa for irrigated corn plants . In trees, the embolism-inducing pressure is higher ( = becomes more negative) than in crop plants. It reached 2·9 MPa for Rhapis palm (Sperry, 1985) and 3·00 MPa for both Fraxinus (cf. Zimmermann & Milburn, 1982) and Acer saccharum K. Koch trees .
The value of calculated dp/dx of Teucrium (6·25 MPa m -1 ) is much higher than those calculated for other desert species of this study which have nearly similar shoot size to Teucrium. Therefore, such a value is not accepted to be applied to Teucrium but could be only valid for plants having extensive shoot system. Salleo et al. (1982) measured E max indoors with a potometer and used the above-mentioned equation to predict dp/dx in Vitis vinifera L: from 0·01 MPa m -1 near the base of 1-year-old stems to 6·5 MPa m -1 near the apical nodes.
Conclusions
Desert perennials have developed a great variety of morphological and anatomical adaptive characteristics. Structural adaptations to xeric environments, the xeromorphic characteristics, may occur in leaves, stems and roots (Fahn & Cutler, 1992) . In the present investigation, two major characteristics of xeromorphic leaf adaptations can be distinguished; one is present in the lamina and possibly leads to the reduction in rates of transpiration and photosynthesis, and the other mainly depends on tracheary elements and affects their hydraulic conductance. The characteristic concerned with the lamina includes a group of 'water retaining features' which can be summerised as follows: (1) Morphological features: these include small leaf or leaflet size and dissected or lobed narrow lamina which lower the boundary layer conductances and which are most likely to be advantageous to the plant under conditions of high temperatures and large humidity deficits; (2) Anatomical features: these include either non-stomatal features (pubescent surfaces, smooth or slightly rough outer cuticular surface) or stomatal-related characteristics. The formers affect the leaf temperature while the laters respond to metabolic and environmental factors and affect the water retaining features by regulating water loss. The efficiency of the conducting tissue was demonstrated from the calculation of hydraulic conductance (Kh) of the xylem of the petiole, petiolule or the basal part of the sessile leaf or leaflet using the Hagen-Poiseuille relation (Gibson et al., 1984) . For the majority of species (18 out of 20) the Kh was low, particularly in the species which have small areas of lamina supplied by a small number of vessel elements. Predicted Kh values of the majority of the desert species studied lie within the range of the stipes of some ferns (Woodhouse & Nobel, 1982) and are two to three orders of magnitude less than for dicotyledons (Hellkvist et al., 1974) . A low Kh limits water transport to the transpiring parts (Woodhouse & Nobel, 1982) and this led us to conclude that it may be advantageous for desert plants living under conditions of limited water supply. In order to adjust the Kh values according to the leaf or leaflet area supplied, the leaf specific conductivity (LSC) was determined (LSC = Kh/distal leaf or leaflet area) according to Tyree et al. (1983) . The majority of the desert species investigated have low LSC which indicates that they have a low hydraulic efficiency. Zimmermann (1978) pointed out that the stem with a larger LSC is better able to supply water to leaves than a stem with a smaller LSC.
It is apparent that the combination of water retaining features in the leaves of the majority of the desert species investigated together with the relatively low Kh and LSC values may be some of the adaptive features of the species to live under desert conditions where climatic and edaphic aridity are prevailing.
Compared to several literature sources it is apparent that the ranges of lamina thickness and the ratio of the palisade cells surface area/the leaf or leaflet area (Apal/A), although wide, are consistent with other species inhabiting sunny habitats (Lewis, 1972; Nobel, 1991) . Fahn (1982) pointed out that a high ratio of mesophyll area/leaf area is probably one of the reasons why, besides the increase in photosynthetic activity, the rates of transpiration of xerophytes is high under conditions of favourable water supply.
